Early WES experience in adults demonstrates molecular diagnoses in a substantial proportion of patients, informing clinical management, recurrence risk, and recommendations for relatives. A positive family history was not predictive, consistent with molecular diagnoses often revealed by de novo events, informing the Mendelian basis of genetic disease in adults.
INTRODUCTION
Since its earliest described use 7 years ago, sequencing and analysis of individual genomes have become powerful tools for studying human genomic variation [1] [2] [3] [4] and identifying the cause of disease traits such as clinical neuropathy and inherited forms of hypertension. 5, 6 Genomic studies have demonstrated both the clinical and research utility of whole-exome sequencing (WES) for detecting known and novel mutations in disease-causing genes across a variety of inheritance patterns. [7] [8] [9] Clinically, genome-scale sequencing often follows exhaustive clinical evaluations unable to conclude an etiologic diagnosis. Genomic studies have proven especially useful for conditions with locus heterogeneity (long molecular differentials) or unexpected phenotypic variation. 10 WES also allows for identification of pathologic variants in newly identified disease genes and future re-analysis of existing genomic data. [11] [12] [13] The majority of diagnostic WES referrals are pediatric, with adult probands constituting just 16.2, 14 36 .1, 15 and 12.2% 11 of reported clinical cohorts. Several case reports and small studies have described the clinical utility of WES in adults, particularly in cases where an atypical phenotype or polygenic burden may confound a primary diagnosis, [16] [17] [18] [19] [20] but no large-scale analyses of the use of WES by physicians caring for adult patients have been reported. To further explore the nature of genetic disease in adults, we describe indications for testing and diagnostic yield of clinical WES in adult patients referred by their physician to a single academic diagnostic laboratory.
MATERIALS AND METHODS

Patient population
We performed a retrospective review of diagnostic WES in the Whole Genome Laboratory at Baylor College of Medicine for a Submitted Purpose: Whole-exome sequencing (WES) is increasingly used as a diagnostic tool in medicine, but prior reports focus on predominantly pediatric cohorts with neurologic or developmental disorders. We describe the diagnostic yield and characteristics of WES in adults.
Methods:
We performed a retrospective analysis of consecutive WES reports for adults from a diagnostic laboratory. Phenotype composition was determined using Human Phenotype Ontology terms.
Results: Molecular diagnoses were reported for 17.5% (85/486) of adults, which is lower than that for a primarily pediatric population (25.2%; P = 0.0003); the diagnostic rate was higher (23.9%) for those 18-30 years of age compared to patients older than 30 years (10.4%; P = 0.0001). Dual Mendelian diagnoses contributed to 7% of diagnoses, revealing blended phenotypes. Diagnoses were more frequent among individuals with abnormalities of the nervous system, skeletal system, head/neck, and growth. Diagnostic rate was independent of family history information, and de novo mutations contributed to 61.4% of autosomal dominant diagnoses.
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3-year period (October 2011-November 2014), including tests from a large number of United States and international medical institutions. Cancer exomes, offered under a separate test code, were not included in this analysis. In all cases, WES was performed on the proband sample only (referred to here as proband-WES); although parental WES was not performed, available parental samples were obtained for variant confirmation by Sanger analysis. Of 4,476 individuals with diagnostic proband-WES, 505 were 18 years or older at the time of referral. After excluding healthy adults and affected related individuals, 486 adults met criteria for study inclusion. The institutional review board at Baylor College of Medicine approved de-identified reporting of demographic and molecular data from this laboratory.
WES and variant analysis
Library construction, exome capture using VCRome version 2.1 (Roche NimbleGen, Madison WI), 21 HiSeq next-generation sequencing, and data processing were performed as previously described. 12 The diagnostic WES evaluation included a coding single-nucleotide polymorphism array performed for quality control and mitochondrial genome sequencing after PCR amplification. The diagnostic reports described here were finalized prior to the laboratory's implementation of an algorithm for copy-number variant identification using data from exome sequencing. Thus, the diagnostic rate reported here does not include additional diagnoses that might result from identification of exonic deletions or duplications using exome data. A molecular diagnosis required pathogenic or likely pathogenic variants in Mendelian disease genes consistent with the observed phenotype and expected inheritance. 11, 12 Variant classification was performed as previously described and consistent with guidelines set forth by the American College of Medical Genetics and Genomics (ACMG). 22 Variants described in Supplementary Table S1 online have been submitted to ClinVar (accession numbers SCV000245445 through SCV000245563).
Data analyses
Basic demographic information, ordering physician specialty, diagnostic indication, and family history were obtained from submitted clinical information. Primary and secondary findings were based on the clinical reports and addenda issued as of 1 July 2015. Patients who declined to receive reports of medically actionable secondary findings were excluded from secondary finding analyses.
Based on available clinical information, Human Phenotype Ontology (HPO) terms 23 were designated for each subject, which allowed assignment of each case to one or more HPO phenotypic abnormality classes. Diagnostic rates and relative frequency of each phenotype class were determined computationally by analysis of HPO terms.
Statistical analyses
P values for male:female ratios were determined using a twotailed binomial test. Testing was also performed for association between phenotypic class and diagnostic rate. Because individual subjects can have multiple phenotypes, and because some phenotypic groups are sparsely represented, we adopted a permutation testing approach to determine the null distribution of test statistics and corresponding P values. We performed 10,000 Monte Carlo draws for which the overall diagnostic rate (defined as the number of diagnosed and undiagnosed cases) was held constant and subjects were randomly permuted with respect to diagnostic status; the ensemble of phenotypes for each individual case was retained. Analyses comprised the omnibus test considering all 22 phenotype classes at once against solved/unsolved status and for each individual class when assessed against the collapse of all other classes (2 × 2 table). A chi-square test statistic was determined for each twoway table, and P values were determined by counting the number of realizations in which the value was equal or greater than the corresponding value for the study data and dividing by the number of permutations performed.
RESULTS
Demographics
Adults, defined as individuals 18 years of age and older, comprised 11.3% (505/4,476) of all diagnostic WES cases in our clinical laboratory between October 2011 and November 2014. After eliminating related individuals or those referred without a clinical indication, 486 were included in the present analysis; 272 of these individuals were included in our previously published reports. 11, 12 WES for adults was ordered by 229 independent physicians; the majority of cases were sent by geneticists Original research article (61.2%), followed by neurologists (22.0%) and those with both neurology and genetics training (6.1%; Table 1 ). Most adult patients were 18-30 years of age (52.5%, 255/486), and only 2.5% (12/486) were older than 70 years of age (Figure 1a ). Males (n = 239) and females (n = 247) were equally represented overall (P = 0.75, binomial test) and within all age ranges, except the predominantly female 20-to 30-year-old group (P = 0.01, binomial test; Figure 1a ). Ethnic or racial background was provided by the referring physician in 414 cases, of which mixed European Caucasian descent was indicated for 71.7%, African American was indicated for 3.6%, Hispanic was indicated for 12.6% of individuals, and mixed ethnic descent was indicated for 6.0%. Parental consanguinity was reported in 22 (4.5%) probands. Although WES was not performed on parental samples for the reported cases, both parental samples were available for Sanger analysis of selected variants in 52% of cases.
Molecular diagnoses
A molecular (genetic) diagnosis was reported in 85/486 (17.5%) adults ( Supplementary Table S1 online), including six individuals who received two molecular diagnoses each (approximately 7% of all molecularly diagnosed cases). The molecular diagnostic rate in adults is significantly lower than that observed in a primarily pediatric population (25.2%, twotailed P = 0.0003, Fisher exact test). 11 When stratified by age group, diagnostic rates were higher (23.9%, 61/255) in cases between 18 and 30 years of age, but declined to 10.4% (24/231, two-tailed P = 0.0001, Fisher exact test) in cases older than 30 years of age (Figure 1b) . The diagnostic rate was similar when WES was ordered by geneticists (56/296, 18.9%; 95% confidence interval [CI]: 14.87-23.77%) or neurologists and neurogeneticists (26/139, 18.7%; 95% CI: 12.22-25.18%). All other specialties combined had a low diagnostic rate but represent a small number of cases (3/51, 5.9%; 95% CI: 0-12.37%).
Although a majority of the molecular diagnoses were in nuclear genes, mitochondrial genome sequencing included in the WES test yielded three diagnoses (one individual with two overlapping large mitochondrial deletions and one missense mutation each in MT-ATP6 and MT-ND6; Supplementary Table S1 online). Single-nucleotide polymorphism array data identified one 1.55-Mb pathologic deletion copy-number variant on Xq23 including PLS3 in a male (case 70), one 4.5-Mb deletion on 15q11.2-q13 providing a diagnosis of Angelman syndrome (case 68), and one 1.38-Mb deletion on 17q12 including HNF1B (case 33). The remaining diagnoses were based on a total of 111 distinct variants reported from WES data, of which 60 were novel at the time of reporting ( Supplementary  Table S1 online). Single-nucleotide variants (SNVs) comprised 75.7% (84/111) of the variants, similar to 76.7% (543/708, two-tailed P = 0.81, Fisher exact test) in a primarily pediatric series, 11 resulting in 57 missense, 16 nonsense, 10 splice site, and 1 initiation codon mutation. Short insertion or deletion variants (indels) comprised 23.4% (26/111) of diagnostic variants compared to 22.2% (157/708, two-tailed P = 0.81, Fisher exact test) in a primarily pediatric series. 11 Of note, the diversity of underlying Mendelian disorders is demonstrated by only four genes (DYRK1A, FLG, BRAF, and NSD1) with variants reported in two or more unrelated individuals accounting for a total of nine (10.6%) molecularly diagnosed cases.
The reported mode of inheritance of molecular diagnoses was most frequently autosomal dominant (48.4%), followed by autosomal recessive (40.7%), X-linked (7.7%), and mitochondrial (3.3%; Table 2 ). This is similar to a primarily pediatric population, 11 where 53.1% (280/527, two-tailed P = 0.43, Fisher exact test) of diagnoses were autosomal dominant, 34.3% (181/527, P = 0.28) were autosomal recessive, 12.3% (65/527, P = 0.29) were X-linked, and 0.2% were mitochondrial inheritance. A majority of both autosomal dominant and recessive syndromes included neurologic, muscular/musculoskeletal, or multiple affected organ systems features ( Supplementary  Table S1 online). Considering all dominant molecular diagnoses, 75.0% (33/44) were de novo events and/or novel (not previously described) variants in disease genes.
The 37 autosomal recessive molecular diagnoses included only 11 homozygous disease alleles (29.7%, 11/37; Table 2 ). 
Phenotypes
Each individual's phenotype as provided by the referring physician was completely represented by an average of 10 HPO terms. HPO terms representing neurologic and developmental disorders were frequent: the terms "motor delay, " "intellectual disability, " "seizures, " and "delayed speech and language development" each occurred in more than 100 of the 486 cases ( Table 3) . To evaluate the overall phenotypic composition of this patient population, cases were assigned to one or more of 22 HPO phenotype classes based on their HPO terms. Neoplasmrelated HPO terms were always assigned to the neoplasm class.
Abnormalities of the nervous system, musculature, and skeletal system were the most frequent phenotype classes (Figure 2a) .
To better understand intellectual disability (ID) in adults, we analyzed the subset of cases with the HPO term "neurodevelopmental abnormality" or one of several daughter terms. Of 53 such individuals with molecular diagnoses, 66.1% (37/56) of their diagnoses were autosomal dominant ( Supplementary  Table S1 online), although in five cases the diagnosis explained components of the phenotype but not the ID. De novo mutations were reported in 75.0% (24/32) of autosomal dominant ID diagnoses. One of the remaining eight cases exhibited evidence of parental mosaicism; parental samples were unavailable in six cases.
Diagnostic rate was dependent on phenotype by a Monte Carlo analysis of 10,000 randomizations of diagnosis status (P = 0.0053). Diagnostic rates within each phenotype class varied, with abnormalities of the nervous system, skeletal system, musculature, head and neck, and growth trending toward higher diagnostic rates, suggesting the presence of these features can portend a favorable impact on establishing a diagnosis using WES (Figure 2b) . Conversely, abnormalities of the abdomen, genitourinary, hematologic, immune, and respiratory systems, as well as oncologic findings, were associated with a reduced diagnostic rate. The highest diagnostic rate was seen in subjects with neurodevelopmental abnormalities (27.7%, 53/191).
A family history overlapping with part or all of the proband's phenotype did not affect the molecular diagnosis rate, with a 15.5% (34/219) diagnostic rate among cases with a positive family history not significantly different from the 19.1% (51/267) diagnostic rate in cases with a negative family history (two-tailed P = 0.34, Fisher exact test). In six cases reporting a positive family history, WES was also performed on an affected sibling (four cases) or parent (two cases), but no molecular diagnosis was reported.
Secondary findings
Seven medically actionable findings meeting ACMG criteria for secondary findings 24 were reported in six adult probands (1.2%, 6/482, 95% CI: 0.25-2.23%), including one patient with Abnormality of the eye 58 11.9
Abnormality of the skin 51 10.5
Original research article both a pathogenic BRCA1 mutation, previously identified in her mother, and a deleterious DSC2 mutation associated with arrhythmogenic right ventricular cardiomyopathy. 25 There was a significantly higher frequency of ACMG secondary findings in pediatric probands tested during the same interval (3.1%, 114/3,648, two-tailed P = 0.020, Fisher exact test). The Whole Genome Laboratory reported a medically actionable finding outside the ACMG guidelines 11 in six adult patients (1.2%, 6/481), including two mitochondrial gene mutations associated with increased risk of aminoglycoside-induced nonsyndromic hearing loss, two cardiomyopathy genes (ABCC9, AKNRD1), one cancer susceptibility gene (RAD51D), and one novel lossof-function mutation in a cholesterol metabolism gene (APOB, for which ACMG recommends reporting only known pathogenic mutations 
DISCUSSION
Clinical WES in adult patients had a diagnostic rate of 17.5% in our series, which is significantly lower than 25.2% previously reported in a primarily pediatric population (two-tailed P = 0.0003, Fisher exact test). 11 Within this cohort of adult patients referred for WES, a positive family history was not predictive of molecular diagnosis, and molecular diagnoses often resulted from de novo events, informing the structure of Mendelian diseases in adults. The association of family history with diagnosis rate may be impacted by the underlying clinical phenotypes in these adult patients referred for WES. For example, cancer diagnoses were a rare indication for WES in this case population. Inheritance patterns of the diagnoses were similar to the primarily pediatric population. 11 We observed an unexpectedly high prevalence of de novo mutations, which may be driven by the high frequency of neurodevelopmental abnormalities in this series. Like that observed in a pediatric population, three of seven X-linked diagnoses were X-linked dominant traits in females. 11 The small number but higher rate of mitochondrial diagnoses (3/86) compared to a contemporary primarily pediatric population 11 (1/504) may represent lack of available mitochondrial analyses when these adults Original research article were initially evaluated as children. Small insertion or deletion variants, which are less robustly detected by WES analysis algorithms, 27 comprise nearly 25% of disease-causing variants in both pediatric and adult series, 11 underscoring the need for improved detection and genotyping of these variants. We anticipate that implementation of the most updated ACMG guidelines 28 for variant interpretation may allow improved reporting of likely pathogenic variants and evidence-based assessment of loss-of-function variants in WES reporting. The clinical utility of molecular diagnosis through WES in this adult population is demonstrated through medical management recommendations, anticipatory guidance, and provision of recurrence risk for patients and families, as recently described by the ACMG. 10 The diagnostic indications in this adult case series were predominantly neurologic, for example, 39.3% with neurodevelopmental delay, perhaps reflecting the specialty of ordering physicians. However, this phenotypic spectrum differed markedly from that within adult genetics clinics. 11, 14, 15, 29 For example, the 9.7% of adult WES cases with oncologic phenotypes is less than the 35% in adult genetics clinic, 29 likely reflecting both the well-defined nature of many familial cancer syndromes and the availability of comprehensive next-generation hereditary cancer gene panels. Neurologic (14%) and cardiovascular (13%) phenotypes represent the next most common indications in adult genetics clinic, whereas 81 and 27% of adult WES cases, respectively, have such phenotypes. These differences illustrate the selective use of WES in the adult genetics clinic, in addition to its increasing use in adult neurology and neurogenetics centers. As the number of disease-gene and disease-variant associations continues to grow, combined with reporting of clinical sequencing studies from different patient populations (see for example https://cser-consortium.org), we will gain improved knowledge regarding which adult patients are most appropriate for WES as a clinical test across the medical spectrum.
Diagnoses were more common among individuals with specific phenotypes, including abnormalities of the head and neck, skeletal system, musculature, nervous system, or growth. Exploration of the relationship of pairwise combinations of phenotypes to the likelihood of molecular diagnosis did not find significant differences for specific pairs of anomalies in this cohort, although larger studies may be needed to investigate this issue with sufficient power.
The "clan genomics" hypothesis for human disease traits posits that variants arising in the proband (i.e., de novo mutations), or a recent antecedent in the family or clan, are important to disease trait manifestation. 30 Such de novo or recent events can cause dominant and X-linked diagnoses or autosomal recessive diagnoses in the setting of consanguinity, which allows for rapid attainment of homozygosity for newly occurring variants within the family or clan. Although no de novo recessive variants were present in our cohort, homozygous variants accounted for 29.7% of autosomal recessive diagnoses, and 7/11 homozygous variants were novel. Parental consanguinity was reported in 50% of homozygous mutations not explained by uniparental disomy. The high proportion of homozygous novel variants in autosomal recessive diagnoses along with parental consanguinity support the potential role of recently emerging variants in recessive disease.
We further observed pathogenic de novo events in 28.6% (2/7) of X-linked and 61.4% (27/44) of autosomal dominant diagnoses, all reported in adults younger than 30 years, including two de novo diagnoses (PRICKLE2, CREBBP) in one individual with ID and seizures ( Supplementary Table S1 online). Importantly, when parental samples were available, de novo events were detected in 81.8% (27/33) of dominant diagnoses, which is similar to the 86.7% (208/240) reported in a primarily pediatric population. 11 The diagnostic rate for autosomal dominant disease is impacted by parental sample availability, particularly for missense mutations not previously documented to be disease-associated. We report 24 missense variants among 44 total autosomal dominant diagnoses (55%), 13 of which were novel. Determination of pathogenicity for these novel missense variants required parental samples, because 85% (11/13) were de novo, one was inherited from an affected mother, and one was from an unaffected mosaic father. These findings suggest that the lower diagnostic rate in individuals older than 30 years of age may be explained, at least in part, by limited parental sample availability. Overall, these data demonstrate that interpretation of novel missense variants as pathogenic frequently relies on de novo status in autosomal dominant disorders and support a role for trio-WES for detection of de novo variants. That de novo mutations underlie a high proportion of genetic disease in adults is unexpected and illustrates that physicians who rely on a positive family history to refer for genetic testing may miss such diagnoses.
The majority of individuals with de novo diagnoses (26/29) had disorders that included neurodevelopmental delay with onset in childhood, representing 13.6% (26/191) of all cases involving neurodevelopmental delay and providing a molecular explanation for the developmental phenotype in 24 of these. These findings are similar to prior reports that between 16% 31 and 55% 32 of pediatric ID cases, and 16% of a variety of pediatric developmental disorders, 33 have de novo autosomal dominant molecular diagnoses by trio-WES. This suggests greater phenotypic overlap with pediatric genetics cases among these individuals with de novo mutations than is present in the adult WES cases as a whole. Additionally, more than half of these diagnoses were made in genes with disease associations discovered in the past decade. Therefore, the ascertainment of frequent de novo mutations in our adult cohort is potentially attributable to both limited genetic diagnostic testing capabilities and limited disease gene knowledge when these individuals initially presented as children.
Although phenotypic similarity between young adults presenting for WES and pediatric cases potentially contributes to increased diagnoses in younger adults (Figure 1) , other factors contribute to a lower overall diagnostic rate in adults. Interestingly, recurrent molecular diagnoses (diagnostic variants found in the same gene in multiple subjects) were observed in only 10.6% (9/85) of molecularly diagnosed adult cases Original research article compared to 56.0% of cases in a primarily pediatric population. 11 These findings may reflect the smaller number of adult cases, but may also indicate a greater diversity of underlying genetic disorders in adults.
Diagnosis of adults with genetic disease provides a unique challenge. Effects of environmental exposures or signs of more common/complex non-Mendelian medical disease may obscure adult phenotypes. Lack of parental samples may limit recognition of de novo variants, and adult phenotypes may be milder, more heterogeneous, and with variable onset, possibly due to rare hypomorphic alleles. Other limitations of WES, such as difficulties in detecting copy-number variant and repeat expansion, are magnified in adult patients for whom chromosomal microarray or repeat expansion analysis may not have been performed prior to WES. The greater clinical availability of molecular diagnostic tools such as WES has allowed diagnoses that were not possible 10 or even 5 years ago, but this same success underscores the need for a more complete interrogation of individual genomic variation, particularly rare variant alleles and copy-number variation, as these both contribute to adult disease. 34 Despite the present limitations and clear areas for further discovery (gene function identification), WES is a clinically useful diagnostic tool with the ability to deconvolute complicated adult phenotypic presentations and diagnose exceedingly rare conditions. This advantage is evident in several of the cases described in Supplementary Table S1 online, such as the rare diagnosis of glutamate formiminotransferase deficiency (OMIM 229100), Sotos syndrome in an individual with an atypical phenotype not ascertained in childhood (OMIM 117550), blended phenotypes due to coexistence of multiple genetic conditions, 11, 12 and molecular diagnoses such as myotonia congenita (OMIM 255700) and Kufor-Rakeb syndrome (OMIM 606693) that inform clinical management of symptoms ( Supplementary Table S1 online). 35, 36 Identification of secondary, potentially actionable mutations provides opportunities to inform medical surveillance and disease prevention. 37 The ACMG recommends actively searching for such actionable findings in all cases undergoing clinical WES, 24 and this practice will probably increase quality of life and be cost-effective. 38 We identified findings in 1.2% of adults, similar to that previously reported in adult controls (92/6,503, 1.4%, P = 1.00) 39 but significantly lower than the 3.1% frequency in pediatric cases in our clinical laboratory (P = 0.020). 11 Differences may reflect the elimination of secondary findings in adults who have already manifested features (or had a positive family history) related to these later-onset conditions than children. 40 We report experiences with WES as a diagnostic tool in an adult population referred to an academic diagnostic laboratory, a group for which phenotype heterogeneity, aging, and environmental exposures increase the diagnostic challenges. The adult patients referred for WES were phenotypically similar to pediatric cohorts, with a predominance of developmental or neurologic disorders. 11 Molecular diagnoses were more common in young adults. The observation of two molecular genetic diagnoses in approximately 7% of those with diagnoses is similar to findings from our previous studies of 6.5% 12 and 4.6%. 11 Molecular diagnoses and medically actionable secondary findings provided anticipatory information, management and surveillance guidance, and, in some cases, disease-specific treatment options that may result in a significant improvement in quality of life. The presence of a positive family history did not predict molecular diagnosis, and the high contribution of de novo events potentially informs the Mendelian basis of genetic disease in adults. Moreover, the paucity of recurrent molecular diagnoses suggests that much remains to be learned about the underlying genes and genetic architecture of adult genetic disease.
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